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ABSTRACT

We report laser-cooling of a sindle Be ion held in a rf (Paul) ion trap to where it occupies
the quantum-mechanicglound state of motion. M4 the use of resolved-sidebastimulated-
Raman cooling, the zero-point of motion is achieved 98% of the time in 1-D and 92% of the time in
3-D. Cooling tothe zero-point egrgy appears to be a crucial prerequiitefuture experiments
such as the realization of simple quantum logic gates applicable to quantum computation.

PACS numbers: 32.80.Pj, 42.50.Vk, 42.65.Dr



Dramatic progress in the field of atomic laser-cooling has provided cooling of free or weakly-
bound atoms to temperatures near the Doppler cooling limit [1], near the photon recoil limit [2], and
more recently below the photon rediiiit [3],[4]. For a tightly bound atom, a more natural energy
scale is given by the quantizetbrational level nwhere the energy is E #w,(n+%2) for an atom
confined in a harmonipotential of frequencw,. In this case, the fundamental cooling limit is the
n=0 zero-poinenergy ofthe bindingpotential. In this letter, we demonstrate a new technique for
laser-cooling a trapped atom to the three-dimensional zero-point energy.

Attainment of the 3-D ground state is significant for two primary reasons: (i) it appears to be
a goal of intrinsic interest as it is the fundamental limit of cooling for a bound atom and approaches
the ideal of an isolated particle at rest; and (ii) it willdaportant in future planned experiments. For
example, once the ion is cooled to the n=0 state, it should be possible to realize the Jaynes-Cummings
interaction [5] in the regime of strong coupling and generate other nonclassical states of motion such
as squeezed states [6],[7],[8]. If t@lective motion of two or more trapped ions can be cooled to
the zero-point, itmnay bepossible to transfer correlation froifme externamotionalstate to the
internal spin state of the ions. Generating "EPR"-like atomic spin states would not only be interesting
from the point ofview of quantum measurements [Blit mayalso allow a reduction of quantum
noise inspectroscopy [6,7]. Zero-poinboling combined with long coherence times may make it
possible to construct a quantum computer [10]. Cirac and Zoller have proposed a quantum computer
based on a system of trapped ions, in which information is stored in the spin and motional states of
the ions [11]. The fundamental switching action in this implementation of a quantum computer is a
coherent exchange between the spin state of an individual ion and a collective vibrational state of the
all the ions. Cooling to the zero-point energy and realizing the Jaynes-Cummings coupling is critical
to this scheme.

We cool a single berylliurron bound in a rf (Paul) iotrap tonear the zero-point energy
using resolved-sideband laser-cooling with stimulated-Rdraasitions along the lines suggested
in Ref. [6]. The idea of resolved-sideband laser-cooling with a single-photon transition is as follows
[12]. Consider a two-level atom characterized by resonant tranBeigumencyw, and radiative
inewidthy. We assume the atom is confined by a 1-D harmonic well of vibration frequemncy.

If a laser beam (frequeney, ) is incident alonghe direction of the atomic motion, the absorption



spectrum is composed of a "carrier” at frequenggnd resolved frequency-modulation sidebands
spaced bw, which are generated from the Doppler effect. Cooling occurs if the laser is tuned to a
lower sideband, foexample ato, = w,-w,. In this case, photons of enefgyw,-w,) are absorbed
and spontaneously emitted photons of average efexgieturn the atom to its initial internal state
thereby reducing the atom'’s kinetic energydyper scattering event (assumikg, is much greater
than the photon recoil energy). Cooling proceeds until the atom's mean vibrational quantum number
in the harmonic well is given byn),.., = (y/2w,)? « 1 [1,[13]. The interactiowith the laser is
significantly reduced once in the n=0 state; thus the zero-miate satisfiesthe operational
definition of a dark state [14] foy/w, sufficiently small. Resolved-sideband cooling 73D was
previously achieved on'® Hg ion using a narrow single-photon optical quadrupole transition [15].
For laser-cooling with stimulated-Raman transitidss,[16],[17], the single-photon
transition is replaced by a stimulated-Raman transition between metastable levels (e.g., hyperfine or
Zeeman electronic ground states), and spontaneous Raman transitions irreversibly recycle the internal
state of the atomStimulated-Raman cooling offetke important practical advantages that the
cooling linewidth can be varied experimentally, #neleffective laser linewidth can be made very
narrow by use of optical frequency modulators. These features of stimulated-Raman cooling have
already beenised toachieve very loiemperatures for free aveaklybound neutral atoms in the
unresolved-sideband limit [4]. Since narrongée-photon transitions are not required, the resolved-
sideband Raman cooling technique described here can be generalized to many ion species, and may
also be applied to strongly-bound neutral atoms held in dipole traps [18] and optical lattices [19].
The experiment is conducted as follows. We fasttieve(n,) ~ 1 in 3-D (v=x,y,z) by
performingDoppler cooling on an allowed electric dipole transitipriarge) andnakingthe trap
strong enough thab, ~ y. This Doppler "precooling” places the ion into the Lamb-Dicke regime
(Ax « Al2m, whereAx is therms spread aotheion position and is thewavelength othedipole
transition). We reducén,) further in 3-D byemploying asecond stage of cooling on narrower
Raman transitions between hyperfine ground statgs€ w,). Finally, we extractn,) by measuring
the asymmetry of the resolved motional sidebands in the Raman absorption spectrum [15].
A single®Bé ion isstored in acoaxial-resonator-based rf (Paul) itap (f = 170 pum,
Z, =~ 130um) described in Refl20]. A potential \{ co€Rt) is applied tathering (V, ~ 600 V,



Q421 ~ 231 MHz), yielding’ Bé&pseudopotential oscillation frequencies®f,¢,,w,)/2n ~ (11.2,
18.2, 29.8) MHz along the principal axes of the trap [21]. Orice’a Be ion is loaded in the trap, its
lifetime is about 6 hours (background pressure® 10 Pa).

The geometry and polarizations of the various laser beams as well as the relevant energy levels
in °Be* are summarized in Fig. 1. The quantizatigis is defined by an applied magnéigtd
|B| ~ 0.18 mT. Laser radiation (beabR2, o*-polarized) detunedlightly to the red of the
S, ,(F=2)- 2P, transitionsX = 313nm, y/2n = 19.4 MHz, 2R, hyperfinestructure=1 MHz) is
directed at oblique angles to all the principal axes of the trap, providing Doppler precooling in all trap
dimensions. Asecond 313 nm sourdeeamD1, o*-polarized) tuned to thé ;S (F=%)?2P,,
transition prevents optical pumping to the F=1 ground state. A pair of Raman beams is also directed
into thetrap (beams R1 an&2) todrive a mucarrower transition between the,$F=2) and
|F=1) hyperfine ground states df Be through the virtugh P state. The Raman beams are detuned
=12 GHz to the red of the ,$- 2P, transition with a difference frequency very nimr®S |,
hyperfine splitting otoy/2m ~ 1.250 GHz. A third 313 nm source (beam B3polarized) is tuned
to the? S, (F=2) ?P,,(F=2) transition and depletes tiiem.) = |2,1) ground state. Beams D1, D2,
and D3 are derivefitom two frequency-doubled dye lasers, product@0 pW of power in each
beam, enough to saturate tio@ near resonance. Beams R1 andaR® derivedrom a third
frequency-doubled dye laser, providing a few mW of power in each beam. The difference frequency
of the Raman beams is tunaloleer the range 1200-1300 MHz with the use of a double-pass
acoustooptic modulator (AOM). The counterpropagating Raman beams are also at oblique angles
to the trap'principal axes andre thereforesensitive to motion ill dimensions.All beams are
shuttered with AOMs. The 313 nm fluorescence from the trapped ion is imaged through /2 optics
onto aposition-sensitive photomultipli¢ube,resulting in a photon count rate as high-&6 kHz
(quantum efficiency:2x10*). The background count rate-ig0 Hz.

Doppler precooling, Raman cooling, and measurement of the Raman absorption spectrum are
accomplished by following the sequence outlined in Table I. After precooling (beams D1, D2, and
D3), the ion is prepared in the, 2,2 electronic ground state by turning off beam D2. The relative
tuning ofthe Raman beams &et to a first lower (red) sideband negr- w,, driving a stimulated-

Raman transition frorthe |2,2)|n,) state to thg1,1)|n,-1) state. Theon is then recycled with



nearly-resonant beams D1 an8, inducingspontaneouRaman transitions predominantly to the
|2,2)|n,-1) state. This cycling ofstimulated and spontaneo@aman transitiongsteps 3 and 4 of
Table 1) is repeated as desired on any or all of the three dimensions. The relative tuning of the Raman

beams is then set neag + 6, and a stimulated-Raman "probe" transitiodrisen between the

o
states, wheran,=0,+1. The probability of driving the probe transition is then measured by driving
an stimulated-Raman "exchanggulse” from|2,2)|n, - |1,|n,, followed by driving the cycling
%S,,12,2 - 2P,,|3,3 transition with beam D2 and gating and collecting fluorescence. (The
"exchanger-pulse" in step 6 of th@ble reduces the fluorescenuase wherin,) = 0.) The ion
scatters thousands of photons on the cycling transition before decaying iftdlttedectronic state
due to imperfect circular polarization of beam D2, resulting in a net quantum efficiency near 1. As
this sequence is repeated-dtkHz,d,, is slowly swept, yielding the Raman absorption spectrum.

The Raman "carrierfepresents the transitig@2,2 |n, - |1,1)|n,) and occurs ab, = 0
(compensating for stable Zeeman and AC Stark shi#2dflHz). In the Lamb-Dicke regime, the
carrier feature has strength | =’sfbr(,), whereQ = g, g, /A is the carrier Rabi flopping frequency,
T, IS the exposuréme ofthe atom to the prob@aman beams, g and,@e the resonant Rabi
frequencies of Raman beams R1 and R2Aaisthe detuning of the Raman beams from the excited
state (we assunte»vy,g;,%) [6]. In each dimension, blue and red sidebands occurring=atw,
represent the transition2,2)|n,) - |1,1|n,£1). The strengths of the blue and red sidebands in the
Lamb-Dicke regime are given by't® (sin’[Qt,n(n,+1)*] and |"** =(sir*[Qt,n,n,*]), where the
average is performed over the distribution of n. The Lamb-Dicke parameters are giyendkyr,
=(0.21, 0.12, 0.09), wheixk, = 2k, is the component of the difference in the counterpropagating
Raman beam wavevectors in the dimension, and,r =w(2mw,)” is the spread of the, n =0
wavefunction. The sideband Rabi flopping frequerigsare typically a few hundred kilohertz, thus
the absorption features anell-resolved and spontaneoesiission duringall stimulated-Raman
processes is negligible.

A Raman absorption spectrum of the first blue and red sidebands of the x dir@gtroscg,)
is shown in Fig. 2 (solid points) for Doppler precoolmgy (omitting steps 3 and 4 ifable I).
Similar features appear @j, = +w, and iw,. If n, is thermally distributed, then it is straightforward

to show that'ts, ¢ =<n,)/(1+n,), independent d@t,n,. By recording several spectra varying



T,n We findthe ratio of red tdlue sidebandtrengthremains approximately constant, indicating a
nearly thermal distribution of n . (We ensure {as the same on the blue and red sidebands.) We
measuren,) for avariety ofred detunings of Doppler precoolingeams D1 an®2, and obtain

values as low &) =~ (0.47, 0.30, 0.18) in the three dimensions at a detuning of about -30 MHz (we
estimate~10% uncertainties in the measurements). At other detunings, we measure values as high
as(n,) = 7. These values and their behavior with detuning are consistent with the theoretical limit
of Doppler cooling [17].

Figure 2 includes a Raman absorption spectrum following additional sideband Raman cooling
(hollow points). Five Raman cooling cycles in the x dimension are employed (steps 3 and 4 of Table
| with , = w,). The exposuréme t,, of the lastRaman pulse iset so thaft,n =~ ©/2 or
Tram = 2.5 US, corresponding to nearlg-gulse from the n =1 state to the n =0 state. The durations
of the earlier pulsesare set shorter toptimize the cooling. Theecycle time between each
stimulated-Raman transition is about 7 ps, ample time for the ion to scatter the expected average of
~3 photons from beams D1 and D3 and ultimately get recycled {@ fPestate. The suppression
of the red sideband (and growth of the blue sideband) indicates the extent of the additional cooling,
from{n,) = 0.47 to{n,) =~ 0.014(10) (the p =0 state is occupiedB% of the time). We observe no
further cooling by increasindpne number of Raman cooling cycles beyond about five, and see little
sensitivity tothe details ofthe Raman cooling pulse durations. As discussed above, we verify that
the distribution of p is nearly thermal after Raman cooling. We achieve resolved-sideband Raman
cooling in 3-D by sequentially driving on all three red sidebands. Five cycles of cooling are applied
to each dimensio(order: xyzxyz...) by alternating the tuning of the Raman cooling beams between
the three red sidebands. Frdime measuredsymmetry of each pair of sidebands, we infer 3-D
Raman cooling t@n, ~ (0.033, 0.022, 0.029), or the n=n,=n tkdee-dimensionajround state
being occupied92% of the time.

The limit of Raman cooling is determined by heating from off-resonant stimulated-Raman
transitions (expected to result idimit of (N)gr.n= (0,4 F/ (@ A)? = 10%) and heating from off-
resonant spontaneous emission from the Raman beams (a Mt ef,,~ (0, %H/AIIN,Y Tram= 10°).

We believe the minimum measured valuémf ~ 0.02 may be due to anomalous heating of the ion,

which we measure to lBen)/ot = +1/msec by inserting various amounts of time between cooling and



probing. We are currently investigating the source of this heating.

In summary, we present cooling of a single tragped Be ion to the zero-point energy using
the technique of resolved-sideband stimulated-Raman cooling. The ion is cooled in 1-D so that the
n=0 state is occupiedd8% of the time, and in 3-D so that the n =n =n =0 state is occuP@b
of the time. By driving stimulated-Raman transitions between hyperfine states of the ion, we realize
a Jaynes-Cummings couplibgtween the internal spin state and the external vibrational state of the
ion. This is exploited here for zero-point cooling, but can also be used for the possible preparation
of correlated spin states of two or more trapped ions [7], and for the demonstration of quantum logic
gates applicable to quantum computation [11].
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TABLE I. Timing sequence for Doppler precooling, resolved-sideband stimulated-Raman cooling,

and Raman detection ai,). As sequence is repeated through stepsd]-ig slowly swept across

absorption features. Raman cooling steps (3 and 4) are repeated as desired within the sequence.

duration beams beam beams Raman

step (us) D1,D3 D2 R1,R2 tuning function
1 =50 on on off - Doppler precool
2 =7 on off off - prepare in2,2 state
3 1-3 off  off on  wy-w, stimulated-Raman transitio2,2 |n,)~|1,1|n,-1
4 =7 on off off - spontaneous Raman recydgl |n,-L- 12,2 |n,-D
5 1-3 off off on  wy+3d, probe(n,) with stim. Raman transitioni,2 |n,)-[1,L|n,%
6 =1 off off on wq exchangert-pulse:| 2,2 |n,)-|1,1|n,
7 =200 off on off - detect transition in step 5: cycle|@2~|3,3; collect fluor.




FIGURE CAPTIONS
FIG. 1. (a) Lasebeamgeometry. The trap ring electrode (in the x-y plane) is shown rotated 45
into the page (the endcap electrodes along the z-axis are not shown; see Ref. [20]). A magnetic field
B defines a quantizatioaxis alongk/v2 +49/2 +%/2, and laser beam polarizatioaseindicated.
Fluorescence light is collected alotige direction perpendicular to the page. RgJevant’ Bé
energy level¢not toscale), indicated by F,m quantum numberther S,, ground staté (fine-
structure spilitting is197 GHz? §, hyperfine splitting is,/2t =~ 1.250 GHz, and the ,Phyperfine
and Zeemastructure is notesolved). All optical transitions are nea~313nm. D1 and D2:
Doppler precooling and detection beams; [231) depletion beam; R1 and R2: Raman beams. The
detuning of R1 and R2 from tRe,, S ?P,,, transition iA/27 = 12 GHz.
FIG. 2. Raman absorption spectrum of a sifiglé Be ion after Doppler precooling (solid points) and
after 5 cycles of additional resolved-sideband stimulated-Raman cooling on the x dimension (hollow
points). The observed courtte isnormalized tahe probability P{ 2,2} of the ion being in the
12,2 state. The first blue and red sidebands of the x dimension are shiyWPrat +11.2 MHz.
Similar sidebandsire found near £18.2 MHz @imension)and at +29.8 MHz (z dimension). For
precooling, the asymmetry in the sidebands indicates a thermal average vibrational occupation number
of (ny) ~ 0.47(5). FoiRaman coolingthe reduction of the resideband angrowth of the blue
sideband impliefurther Raman cooling ithe x-dimension tan,) ~ 0.014(10). The widths of the
features are consistent with the 2.5 ps Raman probe time. Each point represents an average of 400
measurements, corresponding=f minutes of integration timi@r the entiredata set. Thénes

connect the data points.
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